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The Caddo Lake watershed is located in northeastern Texas and encompasses 
much of Cass, Harrison, and Marion counties. The watershed is drained by 
major streams and tributaries flowing in an easterly direction over Eocene-aged 
rocks and sediments of the Wilcox and Claiborne groups, and empty into the 
western arm of Caddo Lake. Since 1995, Caddo Lake and some of its tributa-
ries have been included on the State of Texas Clean Water Act 303(d) list by 
the Texas Commission on Environmental Quality (TCEQ) for impairment 
due to mercury content in edible tissue, depressed dissolved oxygen, base 
metal concentrations, and low pH values. The purpose of this multi-year 
study was to characterize base metal concentrations in stream water and se-
diments in the Caddo Lake watershed, and document the potential watershed 
transport and contribution to the impairment of Caddo Lake. Recent water (n 
= 58) and sediment (n = 116) sampling at 29 sites revealed copper, lead, and 
zinc concentrations within normal limits and below EPA actionable stan-
dards. Mercury concentrations were elevated at 21 of the 29 sampling sites, 
which could lead to methylation and bioavailability to organisms at all troph-
ic level.  
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1. Introduction 
Caddo Lake is a 25,400-acre (10,300 ha) lake and associated wetland on the bor-
der between Texas and Louisiana. The lake and watershed covers approximately 
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164 km2 and encompasses much of Cass, Harrison and southern Marion coun-
ties in eastern Texas and western Caddo Parish in Louisiana. Caddo Lake drains 
an area of approximately 4247 km2 and has a storage capacity of 0.216 km3, with 
major tributaries including Big Cypress, Little Cypress, and Black Cypress bayous 
(Winemiller et al., 2005) accounting for approximately 70% of the total drainage 
area of the watershed (Figure 1). 
In the early 20th century, Caddo Lake was the initial site for the establishment 
of overwater oil platforms, the precursor to platform drilling around the world. 
By 1914, the US Army Corps of Engineers had established a water navigation 
improvement plan to dredge the channels in the watershed to allow boats upriv-
er and constructed an earthen dam to raise the water level in the lake (Winemil-
ler et al., 2005). In 1971, 8000 acres of Caddo Lake and the watershed were des-
ignated as a Wetlands of International Importance by the Ramsar Convention; 
currently Caddo Lake is one of only 29 sites in the United States serving as an 
internationally protected wetland and includes one of the largest flooded cypress 
forests in the United States (Figure 2). 
Historically, local and regional industries have affected metal concentrations 
in the Caddo Lake watershed. The oil industry active in the early 1900s left the 
area for richer fields in East and West Texas, with little to no remediation of well 
sites. In 1942, the Longhorn Army Ammunition Plant near Karnack, Texas 
produced trinitrotoluene (TNT) for World War II efforts and is currently desig-
nated as a superfund site (USFW, 2012). More recently, surface mining of lignite 
bearing units in the Wilcox Group and combustion of lignite to produce elec-
trical energy has influenced many of the waterbodies in East Texas, and has been 
cited as one of the largest remaining anthropogenic sources of metals released to 
the atmosphere (EPA, 2015). 
 
 
Figure 1. The Caddo Lake watershed is located in northeastern Texas and encompasses 
parts of Harrison, Marion and Cass counties. Black Cypress, Big Cypress, and Little Cy-
press bayous contribute over 70% of the flow into Caddo Lake, one of the largest flooded 
cypress ecosystems in the United States. 
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Figure 2. Black Cypress Bayou (A) at the upper reaches in southern Cass County. Con-
fluence of Black Cypress and Big Cypress bayous (B) east of the city of Jefferson. Caddo 
Lake (C) is home to densely wooded bald cypress along the shoreline and islands. Big 
Cypress Bayou (D) east of the Highway 43 bridge as it flows towards Caddo Lake. 
 
There has been relatively little hydrologic and geomorphologic research for 
the Caddo Lake watershed in terms of published reports and journal articles. 
The main source of information regarding the hydrologic, physicochemical, and 
contaminant concerns are the data archives collected and managed by govern-
ment agencies such as the United States Geological Survey, the Corp of Engi-
neers, Texas Commission on Environmental Quality, and the Texas Water De-
velopment Board. Within the watershed, the now-closed Longhorn Army Am-
munition Plant has been the major focus of research regarding trace element 
transport. Some researchers have attempted to determine sedimentation rates in 
Caddo Lake in order to pinpoint specific processes or events that may have con-
tributed to the current conditions. Wilson (2003) documented the occurrence 
and trends of selected contaminants in sediment cores from Caddo Lake, with 
an emphasis on mercury, but did not address watershed contributions. Lisantti 
(2001) used gamma ray spectroscopy to measure modern sedimentation rates 
using the depth profile of 137Cs in sample cores from Caddo Lake, but most of 
the samples were collected from the eastern portion of the lake. 
Over the past twenty years, Caddo Lake has reported some of the highest mer-
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cury concentrations in fresh water fish in the state. Twidwell (2000) studied the 
relationships between mercury concentration in fish and physicochemical va-
riables in water and sediment in East Texas waterbodies, including Caddo Lake. 
No significant correlations were observed between standardized mercury con-
centrations in fish and mercury concentrations in water or sediment, suggesting 
that mercury concentrations in water and sediment are not nearly as important 
as geochemical in-reservoir and lake processes. Crowe (1998) assessed the geo-
graphic occurrence of mercury in sediment, water and fish samples from two 
East Texas river basins. Mercury concentrations in fish tissue were positively 
correlated to size, but no definitive correlation was observed between mercury 
accumulations and sedimentation processes.  
Since 1995, Caddo Lake and some of its major tributaries have been included 
on the State of Texas Clean Water Act 303(d) list by the Texas Commission on 
Environmental Quality (TCEQ) for impairment due to mercury content in edi-
ble tissue, depressed dissolved oxygen, base metal concentrations, and low pH 
values (USGS, 1995; TCEQ, 2020). Recent research in the Caddo Lake watershed 
has indicated higher mercury concentrations near the confluence of Big Cypress 
and Black Cypress bayous and near the city of Jefferson (Watkins, 2018). Ele-
vated levels of arsenic (As), barium (Ba), copper (Cu), lead (Pb), manganese 
(Mn), mercury (Hg), and zinc (Zn) have been reported near the city of Jefferson 
(Faulkner & Stafford, 2019). The information in the following article is the cul-
mination the authors’ multi-year studies characterizing base metal concentra-
tions in stream water and sediments in Big Cypress, Little Cypress, and Black 
Cypress bayous in order to provide a better understanding of metal transport in 
the Caddo Lake watershed, and potential watershed contribution to the impair-
ment of Caddo Lake.  
2. Hydrogeologic Setting 
The Caddo Lake watershed is underlain by Eocene-aged rocks and sediments 
associated with lithologies from the Wilcox and Claiborne groups. These layers 
were deposited as the Gulf of Mexico shoreline fluctuated during the Paleogene 
Period (Galloway et al., 2000), and the outcrop pattern and distribution of the 
sedimentary lithologies in East Texas are nearly parallel with the pattern of dis-
tribution of modern sediments in the Gulf of Mexico and its adjacent coastal 
plain (Shaw, 2006). These shoreline fluctuations caused interbedded fluvial and 
deltaic sediments to be deposited, including lignite seams associated with anoxic 
coastal lagoons and hardwood swamps (Fisher, 1964). Long periods of erosion 
and shoreline regression were followed by brief periods of deposition and trans-
gression creating thick sequences of undivided friable sandstones, mudstones, 
and lignite seams of the Wilcox Group and lower Claiborne Group lithologies 
(Figure 3). In the study area, the Wilcox Group is overlain by the Reklaw Forma-
tion; an evenly bedded calcareous mudstone that contains glauconitic lenses, lig-
nite, and ironstone concretions; and the Queen City Sand. These units are exposed  
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Figure 3. Stratigraphic column and sea level curve for the Wilcox and Claiborne group 
lithologies in east Texas. The Caddo Lake watershed is underlain by the Wilcox and lower 
Claiborne formations 
 
at the surface in northeastern Texas and prograde to the south in the subsurface 
toward the Texas Gulf Coast (Figure 4). 
The Wilcox Group is of special interest because it hosts extractable seams of 
interbedded lignite coal, which contain appreciable concentrations of heavy 
metals. Historically, this lignite has been mined and processed to produce elec-
tricity at numerous coal-fired power plants in East Texas. The Reklaw Formation 
of the Claiborne Group is also known to host some heavy metals including ura-
nium (U), thorium (Th), and As; and an apprecible pyrite (FeS2) concentration, 
which can contribute to acidic conditions in water, soils and sediments. When 
pyrite is in contact with the atmosphere and/or oxygenated waters, acid wea-
thering contributes to sulfate production, lower pH values, and potentially aids 
in the mobility of metals in the aqueous environment (Shaw, 2006). The wa-
tershed tributaries, Big Cypress, Black Cypress, and Little Cypress bayous, flow 
in an eastward direction through the Interior Coastal Plains of Texas, characte-
rized by low rolling hills and heavily wooded terrain covered by a mix of pines 
and hardwoods (Eargle, 1968) and empty into the western arm of Caddo Lake 
(Figure 4). 
Hydrologically, the Caddo Lake watershed has undergone several significant 
changes. In the early 1900s, the US government established a water navigation 
plan to dredge the channels in order to allow boats up river to access the city of 
Jefferson. In 1914, an earthen dam was constructed that raised the water level of 
the lake (Albertson & Dunbar, 1993). In 1960, with the completion of Lake O’ 
the Pines 90 kilometers upstream, environmental flows in the watershed were 
substantially altered, reducing the flow by about 5% annually (Winemiller et al., 
2005). Present day, Caddo Lake and its watershed includes one of the largest 
bald cypress ecosystems in the United States and serves as the primary source of 
drinking water for several surrounding communities (Hartung, 1983; Figure 2). 
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Figure 4. Geologic map of the Caddo Lake watershed (Geologic Database of Texas, Texas 
Natural Resources Information System, accessed June 12, 2020). 
3. Materials and Methods 
3.1. Study Area 
In order to determine the geochemical characteristics of stream water and sedi-
ments in the Caddo Lake watershed, 116 sediment and 58 water samples were 
collected from 29 sampling locations in Big Cypress, Black Cypress, and Little 
Cypress bayous from October 2016 to July 2019 (Figure 5). A variety of metho-
dologies were employed in order to characterize metal concentrations including 
geochemical analyses of stream water samples, metal digestion and Hg analyses 
of sediment cores, and particle size distribution. Elements of interest were spa-
tially delineated to determine natural and anthropogenic contributions to the 
geochemical environment of the Caddo Lake watershed. 
3.2. Water Sampling 
Water sampling was conducted in Little Cypress and Big Cypress bayous in Oc-
tober 2016 and April 2017; and in Black Cypress and Big Cypress bayous during 
May 2018 and July 2019. During all sampling events, physicochemical parame-
ters of stream water were measured in the field using an Oakton PCD 650 mul-
ti-meter probe to determine pH, temperature (˚C), dissolved oxygen (%), and 
conductivity (μs/cm). All water samples were collected in 500 ml Nalgene water 
sampler bottles below the water surface. The water samples were labeled and 
placed on ice, then transported to the laboratory for analyses. 
Analyses were conducted by the SFA Soil, Plant, and Water Analyses Labora-
tory. Anions were determined using a Dionex 1000 Ion Chromatograph and by 
titration (total carbonate). Total and dissolved metals were determined using a 
Thermo Scientific iCAP 7400 ICP Analyzer. Results from water analyses were 
compared to the Texas Water Development Board (TWDB) Maximum Conta-
minant Levels for Groundwater Standards and the Environmental Protection 
Agency (EPA) Drinking Water Standards. 
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Figure 5. Satellite image of study area with sampling locations (n = 29), the city of Jeffer-
son, major highways and waterbodies identified. Imagery from Texas Natural Resources 
Information System (TNRIS), accessed June 12, 2020. 
3.3. Sediment Sampling 
During the study, sediment sampling was conducted in October 2016, April 
2017, May 2018, and July 2019. Sediment samples were collected by inserting a 
15-cm plastic sediment core sleeve into the stream bed; in areas where the sedi-
ments were waterlogged to capture with sediment core sleeves, a hand trowel 
and plastic bags were used to collect stream sediment samples. The samples were 
immediately labeled and stored on ice, then transported to the laboratory and 
placed in a freezer for a minimum of 48 hours to allow the sediments to stabilize. 
Sediment analyses were conducted by the SFA Soil, Plant, and Water Analyses 
Laboratory using EPA Method 3050B, Acid Digestion of Sediments, Sludge, and 
Soils (Sampling events 2016, 2017, and 2018; EPA, 2019a) and by Pace Analytical 
Laboratories using EPA Method 6010C (Sampling event 2019; EPA, 2016b) to 
determine trace elements. All samples were prepared following EPA protocols 
and analyzed using Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) to determine metal concentrations. Mercury analyses were conducted 
using EPA Method 7471B (EPA, 2019b), approved for measuring total Hg in 
soils, sediments, and sludge-type materials using a cold-vapor technique. All Hg 
samples were freeze-dried prior to testing to remove excess water and prevent 
the volatilization of Hg compounds. Results from sediment analyses were com-
pared to the EPA April 2020 Regional Screening Level Resident Soil Table (EPA, 
2020b) to determine potential contaminant levels for Cu, Hg, Pb, and Zn. 
3.4. Characterization of Stream Sediments 
Particle size analyses were conducted to determine sediment size distribution 
and more thoroughly characterize geologic sediments at the sampling locations. 
Additional 15-cm sediment cores were collected from each location for the Oc-
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tober 2016 and July 2019 sampling events. These 58 samples were used to deter-
mine the percent of sand, clay, and silt sediment particles at each location using 
the Bouyoucos Method (Ashworth et al., 2001). 
4. Results 
4.1. Physicochemical Parameters 
All three stream segments sampled during this study were listed as impaired by 
TCEQ for not meeting established water quality standards (TCEQ, 2020). Big 
Cypress Bayou downstream of Lake O’ the Pines was listed for low pH, depressed 
dissolved oxygen, and elevated mercury concentrations in edible tissue. Black 
Cypress and Little Cypress bayous were listed for elevated bacteria levels and 
depressed dissolved oxygen. Black Cypress Bayou has been documented to have 
elevated copper concentrations in the water and mercury concentrations in edi-
ble tissue. Mean values for all physicochemical parameters are reported in Table 
1. 
During the study period, all pH values ranged from 5.8 to 7.6, within normal 
limits for natural water bodies. Temperature fluctuated based on ambient condi-
tions, the depth of the stream channel, radiant energy, and recent weather events. 
Conductivity for all measurements was less than 200 μs/cm and dissolved oxy-
gen (DO%) ranged from 76.50% - 92.03%. Water clarity ranged from murky to 
muddy, with a significant suspended sediment load in the upper reaches. Clarity 
increased downstream in Big Cypress Bayou below the confluence with Black 
Cypress and Little Cypress bayous (EPA, 2016a; Figure 2). 
4.2. Geochemical Analyses of Stream Waters 
Water samples were analyzed for the standard suite of cations and anions used 
to characterize natural waters and base metals including cadmium, copper, lead, 
mercury, tin, and zinc. Results for water analyses reported uniform geochemical 
concentrations reflective of the lithologies over which they flow, their geomor-
phic environment, and the discharge variability associated with seasonal weather 
patterns. Geochemical analyses of stream water reported a well-mixed system; 
major cations of most samples were enriched in sodium (Na) and potassium (K) 
with respect to calcium (Ca) and magnesium (Mg), with Ca more prominent 
than Mg. Anions reported a mixed-fluid system with bicarbonate (HCO3) and 
chlorine (Cl) more prominent than sulfate (SO4). The pyrite associated with the 
Reklaw Formation would be subject to acid sulfate weathering (Shaw, 2006), but 
the buffering systems supported by HCO3 and clay minerals have neutralized 
these conditions (Figure 6). 
Metals reported in stream water show Zn concentrations enriched with re-
spect to Cu and Pb (Table 2). The Texas Commission on Environmental Quality 
(TCEQ) has listed Black Cypress Bayou as impaired for Cu since 1995. Natural 
waters free from contamination usually contain less than 10 ppb of Cu and eight 
of the samples from the watershed exceeded this threshold, but no water sample  
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Table 1. Bayou name, sampling dates, and mean values (n = 2 for each site) for phy-









pH T (˚C) Cond (μs/cm) DO% 
1 Black May-18 Jul-19 6.34 17.23 282.73 82.17 
2 Black May-18 Jul-19 6.61 23.03 123.50 88.76 
3 Black May-18 Jul-19 6.66 18.90 51.31 85.60 
4 Black May-18 Jul-19 6.71 17.50 46.71 88.46 
5 Black May-18 Jul-19 6.75 20.27 132.40 80.86 
6 Black May-18 Jul-19 7.01 23.07 118.71 90.90 
7 Black May-18 Jul-19 7.22 20.90 156.43 89.20 
8 Big Oct-16 Apr-17 7.36 21.07 134.53 94.63 
9 Big Oct-16 Apr-17 7.20 19.96 84.95 84.30 
10 Big Oct-16 Apr-17 6.78 17.86 198.43 85.70 
11 Big Oct-16 Apr-17 6.56 18.13 181.36 87.57 
12 Big Oct-16 Apr-17 6.57 21.16 193.63 88.50 
13 Big Oct-16 Apr-17 6.27 20.70 108.57 86.30 
14 Big Oct-16 Apr-17 6.21 17.85 199.94 76.75 
15 Little Oct-16 Apr-17 6.60 21.90 120.35 76.50 
16 Little Oct-16 Apr-17 6.76 20.60 165.44 87.07 
17 Little Oct-16 Apr-17 6.82 20.20 118.02 86.20 
18 Little Oct-16 Apr-17 7.11 19.80 108.09 86.23 
19 Little Oct-16 Apr-17 7.01 19.70 91.34 88.90 
20 Little Oct-16 Apr-17 7.08 20.13 157.07 80.60 
21 Little Oct-16 Apr-17 7.03 22.00 112.34 92.03 
22 Little Oct-16 Apr-17 6.71 20.06 89.86 88.73 
23 Little Oct-16 Apr-17 6.75 19.00 132.12 90.46 
24 Big Apr-17 Jul-19 6.26 19.37 123.14 88.54 
25 Big Apr-17 Jul-19 7.54 19.54 134.46 89.63 
26 Big Apr-17 Jul-19 6.88 18.61 122.28 90.45 
27 Big Apr-17 Jul-19 6.94 20.22 146.59 88.48 
28 Big Apr-17 Jul-19 7.37 19.84 132.88 89.63 
29 Big Apr-17 Jul-19 7.13 19.56 128.79 88.62 
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Table 2. Dissolved metals in stream water samples (n = 2 for each site) from Little Cy-








Mean Concentration (ppb) 
Cu Hg Pb Zn 
1 Black May-18 Jul-19 9.91 0.50 5.13 11.91 
2 Black May-18 Jul-19 11.04 1.52 5.36 10.93 
3 Black May-18 Jul-19 13.14 0.90 7.46 16.34 
4 Black May-18 Jul-19 8.59 0.67 6.85 11.78 
5 Black May-18 Jul-19 6.34 0.55 3.42 6.89 
6 Black May-18 Jul-19 7.97 0.46 6.18 9.21 
7 Black May-18 Jul-19 8.07 0.37 9.04 7.28 
8 Big Oct-16 Apr-17 11.64 0.28 5.61 10.82 
9 Big Oct-16 Apr-17 13.81 0.30 3.63 12.63 
10 Big Oct-16 Apr-17 6.89 7.25 9.43 38.72 
11 Big Oct-16 Apr-17 13.71 0.63 3.00 20.59 
12 Big Oct-16 Apr-17 11.31 0.36 6.56 22.57 
13 Big Oct-16 Apr-17 12.42 0.37 5.72 17.38 
14 Big Oct-16 Apr-17 7.66 0.87 5.26 13.70 
15 Little Oct-16 Apr-17 10.26 0.84 3.44 10.96 
16 Little Oct-16 Apr-17 9.13 0.34 5.20 16.62 
17 Little Oct-16 Apr-17 6.20 0.18 9.68 17.34 
18 Little Oct-16 Apr-17 8.50 0.49 5.72 12.05 
19 Little Oct-16 Apr-17 7.99 1.42 9.56 30.76 
20 Little Oct-16 Apr-17 7.24 0.26 1.71 6.07 
21 Little Oct-16 Apr-17 7.69 0.84 5.97 13.37 
22 Little Oct-16 Apr-17 8.61 0.28 6.34 11.68 
23 Little Oct-16 Apr-17 9.97 0.72 7.90 10.11 
24 Big Apr-17 Jul-19 5.81 0.34 1.65 4.76 
25 Big Apr-17 Jul-19 7.49 0.33 5.83 12.30 
26 Big Apr-17 Jul-19 7.28 0.34 2.28 5.02 
27 Big Apr-17 Jul-19 10.38 0.79 5.87 13.67 
28 Big Apr-17 Jul-19 4.91 0.25 7.51 6.76 
29 Big Apr-17 Jul-19 11.25 0.23 4.72 13.66 
 
exceeded the actionable threshold of 1300 ppb (Figure 7(A) and Figure 7(B)). 
Most of the higher Cu concentrations are located in Black Cypress and Big Cy-
press bayous, near their confluence. 
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Figure 6. Piper diagram for stream water chemistry of major cations and anions. Data 
represents a well-mixed system with most samples enriched in sodium (Na) and po-
tassium (K) with respect to calcium (Ca) and magnesium (Mg), with Ca more promi-
nent than Mg. Anions reported a mixed-fluid system with bicarbonate (HCO3) and 
chlorine (Cl) more prominent than sulfate (SO4). 
 
 
Figure 7. Copper concentrations in stream water ((A) and (B)). Although several samples exceeded EPA drinking water standards 
of 10 ppb, no samples reported concentrations that met the impaired threshold. Mercury concentrations in stream water are 
shown in (C) and (D). Only one sample exceeded the 2 ppb standard, all other samples reported concentrations below the im-
pairment threshold. 
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In regards to mercury, one water sample in Big Cypress Bayou exceeded the 
impairment threshold of 2 μg/l for Hg near the city of Jefferson (7.25 ppb), all 
other samples were below the actionable standard (Figure 7(C) and Figure 
7(D)). By the time Big Cypress Bayou empties into the western arm of Caddo 
Lake, Hg concentrations are much lower (0.23 ppb). All lead (Figure 8(A) and 
Figure 8(B)) and zinc (Figure 8(C) and Figure 8(D)) concentrations in stream 
water were below TWDB impairment value for groundwater standards and the 
EPA 2020 National Drinking Water Standards (Pb—15 ppb and Zn—5000 ppb; 
EPA, 2020a). All concentrations for cadmium and tin were below detection lim-
its. 
4.3. Geochemical Analyses of Stream Sediments 
Base metals reported in stream sediments included Cu, Hg, Pb, and Zn. Copper 
concentrations were negligible at all sampling locations, including Black Cypress 
Bayou (Ertons & Faulkner, 2020). All sediment samples contained less than 6 
ppb copper, well below the EPA impairment threshold of 100 ppb for soils and  
 
 
Figure 8. Lead concentrations in stream water ((A) and (B)). All samples reported concentrations below the impairment thre-
shold. Zinc concentrations in stream water are shown in (C) and (D). All samples reported concentrations below the impairment 
threshold. 
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sediments (EPA, 2020b). The highest reported copper in Black Cypress Bayou 
(4.78 ppb) occurred north of the confluence with Big Cypress Bayou; Little Cy-
press Bayou reported two of the higher values (4.68 ppb and 4.25 ppb), and Big 
Cypress Bayou reported one location with 6.41 ppb. Measurements fluctuated 
throughout the study area, with higher values recorded near major highways and 
near the confluence of Little Cypress and Big Cypress bayous (Figure 9(A) and 
Figure 9(B)). 
Twenty-one of the sediment sampling locations reported mercury concentra-
tions above the EPA impairment threshold of 0.3 ppb for soils and sediments 
(EPA, 2020b). All stream systems reported elevated mercury, with the highest 
concentrations found in Black Cypress Bayou (6.15 ppb) near the confluence 
with Big Cypress Bayou and in Little Cypress Bayou (11.20 ppb) near the con-
fluence with Big Cypress Bayou. Mercury concentrations decreased down-
stream as Big Cypress Bayou flowed toward Caddo Lake (Figure 9(C) and Fig-
ure 9(D)). 
Lead concentrations in Black Cypress Bayou stream sediments were higher 
near Highway 59 (7.81 ppb and 7.65 ppb), and continued to decrease as the stream  
 
 
Figure 9. Copper concentrations in sediments ((A) and (B)). All samples reported concentrations below the impairment thre-
shold. Mercury concentrations in sediments are shown in (C) and (D). Twenty-one of 29 samples reported concentrations above 
the impairment threshold. 
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flowed toward the confluence with Big Cypress Bayou (Ertons & Faulkner, 
2020). Lead concentrations in Big Cypress Bayou were higher near the city of 
Jefferson (9.91 ppb and 8.22 ppb) and lowered to 3.95 ppm before it entered 
Caddo Lake. Little Cypress Bayou reported lower lead values overall, with the 
highest concentration found near Highways 59 (7.37 ppb). No sampling loca-
tions reported lead concentrations above the impairment threshold of 200 ppb 
(EPA, 2020b; Figure 10(A) and Figure 10(B)). 
Zinc concentrations spiked near all major highways; in Black Cypress Bayou, 
the highest readings were found at sampling locations near Highway 59 (27.90 
ppb and 22.49 ppb) and Highway 49 (28.64 ppb). Concentrations in Big Cypress 
Bayou were lower overall, but peaked near the Highway 43 Bridge (18.28 ppb 
and 18.10 ppb). Little Cypress Bayou reported lower zinc concentrations at sam-
pling locations, with the highest values reported west of Highway 59 (14.55 ppb) 
and near the confluence of Little Cypress and Big Cypress bayous (17.94 ppb and 
18.25 ppb). No sampling locations reported zinc concentrations above the im-
pairment threshold of 500 ppb (EPA, 2020b; Figure 10(C) and Figure 10(D); 
Table 3). 
4.4. Particle Size Analyses 
The particle size distribution of the sediment samples were uniform throughout  
 
 
Figure 10. Lead ((A) and (B)) and zinc ((C) and (D)) concentrations in sediments. All samples were below the impairment thre-
shold. 
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Table 3. Metals in stream sediment samples (n = 4 for each site) from Little Cypress, Big 












Mean Concentration (ppb) 
Cu Hg Pb Zn 
1 Black Oct-16 Apr-17 May-18 Jul-19 2.08 0.36 7.62 29.29 
2 Black Oct-16 Apr-17 May-18 Jul-19 2.07 0.13 7.70 26.85 
3 Black Oct-16 Apr-17 May-18 Jul-19 2.16 0.41 7.81 17.90 
4 Black Oct-16 Apr-17 May-18 Jul-19 4.73 0.46 5.65 10.49 
5 Black Oct-16 Apr-17 May-18 Jul-19 4.43 0.49 3.73 9.87 
6 Black Oct-16 Apr-17 May-18 Jul-19 4.60 0.26 3.43 9.64 
7 Black Oct-16 Apr-17 May-18 Jul-19 4.21 0.42 5.80 21.18 
8 Big Oct-16 Apr-17 May-18 Jul-19 3.37 0.23 4.77 15.04 
9 Big Oct-16 Apr-17 May-18 Jul-19 3.72 0.17 8.22 16.57 
10 Big Oct-16 Apr-17 May-18 Jul-19 6.41 0.42 7.26 16.28 
11 Big Oct-16 Apr-17 May-18 Jul-19 2.99 0.35 9.91 6.36 
12 Big Oct-16 Apr-17 May-18 Jul-19 2.88 0.47 7.85 10.07 
13 Big Oct-16 Apr-17 May-18 Jul-19 4.25 0.51 2.22 4.44 
14 Big Oct-16 Apr-17 May-18 Jul-19 1.89 0.52 4.82 10.02 
15 Little Oct-16 Apr-17 May-18 Jul-19 4.68 0.24 6.84 11.04 
16 Little Oct-16 Apr-17 May-18 Jul-19 3.37 0.19 4.30 14.55 
17 Little Oct-16 Apr-17 May-18 Jul-19 2.04 0.46 3.37 6.22 
18 Little Oct-16 Apr-17 May-18 Jul-19 2.45 0.10 4.90 12.48 
19 Little Oct-16 Apr-17 May-18 Jul-19 2.23 0.55 3.78 7.14 
20 Little Oct-16 Apr-17 May-18 Jul-19 2.01 0.61 4.76 10.85 
21 Little Oct-16 Apr-17 May-18 Jul-19 4.25 0.42 3.17 7.05 
22 Little Oct-16 Apr-17 May-18 Jul-19 2.59 0.35 4.37 17.94 
23 Little Oct-16 Apr-17 May-18 Jul-19 1.76 0.62 4.12 18.28 
24 Big Oct-16 Apr-17 May-18 Jul-19 2.94 0.40 4.18 7.14 
25 Big Oct-16 Apr-17 May-18 Jul-19 2.04 0.65 4.74 10.85 
26 Big Oct-16 Apr-17 May-18 Jul-19 2.45 0.21 3.29 7.05 
27 Big Oct-16 Apr-17 May-18 Jul-19 2.67 0.42 3.95 17.94 
28 Big Oct-16 Apr-17 May-18 Jul-19 1.37 0.67 3.15 18.28 
29 Big Oct-16 Apr-17 May-18 Jul-19 1.32 0.52 3.95 18.10 
 
most of the study area. The average particle size distribution was approximately 
77 percent sand, 16 percent silt, and 7 percent clay. Clay-size particles require a 
flow no greater than 7 m3/sec for deposition; because of their size and structure, 
these particles will only be deposited in low energy waters (Phillips & Slattery, 
2007). Environmental flows in Big Cypress Bayou are partially controlled by wa-
ter release upstream at Lake O’ the Pines and tributary contributions, with a mean 
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annual discharge of 8.5 m3/sec as recorded by the USGS gaging station located 
near Jefferson, Texas (USGS, 2020). Locations 14 and 23 are located close to the 
confluence of Little Cypress Bayou and Big Cypress Bayou; however, Little Cy-
press Bayou does not always flow into Big Cypress Bayou except during higher 
water periods. 
Sample location six is near the front of a retention pond that only receives and 
loses water when there are higher floodwaters. Overall, the samples exhibit a 
fairly uniform texture, primarily controlled by the flow regime in Big Cypress 
Bayou. 
5. Discussion 
Most metals occur naturally in geologic materials and are represented in the se-
diments and rocks in the Earth’s crust. Base metals are those that are typically 
scarce, nonprecious, non-ferric (do not occur in the +3 valence state) metals of 
copper, lead, zinc, tin, mercury, and cadmium. During the study period, all con-
centrations of tin and cadmium were below the detection limit and not reported. 
Although several sampling locations reported elevated mercury levels, all other 
metals were within normal limits and well below the impairment threshold of 
the EPA and TCEQ. 
The spike in concentrations near major highways and industrial complexes 
suggests some of these metals may have been introduced by anthropogenic means 
as runoff from road ways, rather than naturally occurring as trace concentra-
tions in geologic sediments (MDOT, 1998; Müller et al., 2019). The geologic 
formations from the Wilcox and Claiborne groups are silicate-based claystones, 
siltstones, and sandstones with no appreciable metal concentrations associated 
with Cu, Hg, Pb, and Zn reported in the literature (Fisher, 1964; Eargle, 1968; 
Galloway et al., 2000). 
5.1. Copper 
Copper is a moderately abundant base metal that occurs as a free native element 
or in association with copper minerals in igneous, sedimentary, and metamor-
phic rocks. Copper has an abundance of approximately 14 to 32 ppm in the 
Earth’s upper crust (Walther, 2014) and is also present in the oceans and fresh 
waterbodies, and widely distributed in the natural environment by wind-blown 
dust, decaying vegetation, forest fires, volcanic eruptions, and sea spray. It is a 
necessary element for plant growth, and helps support metabolic functions of 
aquatic organisms (EPA, 2016a).  
As a contaminant, copper can also be disbursed by anthropogenic means such 
as mining, metal production, combustion of fossil fuels, industrial use in manu-
facturing, and agriculture. It has been used in brake pads for automobiles and 
can be introduced into the natural environment as runoff from parking lots and 
roadways (MDOT, 1998; Müller et al., 2019). Most copper compounds released 
to the atmosphere will settle and be bound to either water, sediment, or soil par-
ticles (Walther, 2014). Some of the water samples reported copper concentra-
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tions above the 10 ppb for EPA National Primary Drinking Water Regulations 
(EPA, 2020a), but all samples were well below the actionable standard of 1300 
ppb. 
5.2. Mercury 
Mercury is rare in the Earth’s crust, with an estimated average abundance of 0.01 
to 0.06 ppm (Walther, 2014). It is one of the most toxic and volatile trace ele-
ments, and undergoes a series of complex chemical reactions and physical trans-
formations in the environment (Anderson, 2013). Much of the Hg found in lake 
and stream sediments in the East Texas area is attributed to atmospheric deposi-
tion associated with the combustion of fossil fuels (Tewalt et al., 2001). In Feb-
ruary 1998, the US Environmental Protection Agency issued a report citing 
mercury emissions from electric utilities as the largest remaining anthropogenic 
source of Hg released to the atmosphere (US Geological Survey, 2000). Mercury 
is easily transported to the atmosphere by volatilization, and because of an im-
balance with uptake by the ocean’s surface, can remain in the atmosphere for up 
to one year (US Geological Survey, 2000). In its metallic form, mercury is essen-
tially inert, and can persist for an extended period of time sequestered in sedi-
ments and soils.  
The global cycle of mercury is largely controlled by oxidation-reduction reac-
tions in the atmosphere and in surface waters that readily convert volatile Hg(0) 
into soluble Hg2+ and vice versa (USGS, 1995; TCEQ, 2004). A small fraction of 
mercury in natural waters is converted by bacteria in anoxic environments; cer-
tain anaerobic microorganisms can mediate the methylation of mercury to me-
thylmercury [CH3Hg]+ or dimethylmercury (CH3HgCH3). These highly soluble 
species are readily taken up by aquatic organisms, particularly fish and shellfish 
(USGS, 1995). Once Hg has entered the food chain, it can reach concentrations 
of several thousand parts per million in organisms at the highest trophic levels 
(Deonarine, 2011). At these concentrations levels, Hg is hazardous to human 
health. In Caddo Lake, the low dissolved oxygen impairment in the western arm 
provides a prime environment for reduced conditions that promote uptake of 
soluble Hg species by fish and shellfish, leading to an edible tissue advisory. In 
the Caddo Lake watershed, flowing, oxygenated waters and stable pH values do 
not facilitate the methylation process. In areas where the water is more stagnant 
during low flow periods, anoxic conditions can develop and promote the me-
thylation process (Demer, 2009). During the study period, only one water sam-
ple contained elevated mercury, with all others below the EPA threshold of 2 
ppb. Several sediment samples contained elevated mercury concentrations, but 
the field data supports a well-oxygenated stream system that does not favor me-
thylation (Watkins, 2018; Faulkner & Stafford, 2019; Ertons & Faulkner, 2020). 
Mercury has been reported bound to pyrite in the lignite coal seams associated 
with the Wilcox Group (Paul et al., 2008), but no active mining or outcrop ex-
posures in the study area would lead to the conclusion that mercury was intro-
duced into the watershed by hydrogeologic or erosional processes. 
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In 2016, research was conducted by Zhang et al. (2016) at Harvard University 
regarding the global decrease in atmospheric Hg by anthropogenic emissions. 
This study reported a measured decline in North America and Europe of ap-
proximately one to two percent per year from 1990 to 2015. They identified a 20 
to 30 percent decrease in global Hg emissions but a much larger decrease in 
North America and Europe that offsets the effects of increasing emissions from 
Asia. The findings of the study have reinforced the major benefits derived from 
the phase-out of Hg in several products and emission controls on coal combus-
tion (Zhang et al., 2016). This study also concluded that the Hg deposited locally 
around coal-fired power plants has declined more rapidly than originally antic-
ipated, resulting from reduced sulfur dioxide and nitrous oxide emissions from 
coal-fired utilities (Zhang et al., 2016). Even though Hg metal concentrations are 
diminishing in the watershed, the conditions still exist in Caddo Lake for Hg 
methylation and uptake by aquatic organisms because Hg is so persistent in the 
environment and some atmospheric deposition will continue associated with 
global sources.  
5.3. Lead 
Native lead is rare in nature, it is usually found in ore rock associated with zinc, 
silver, and copper, with an average abundance of 17 to 18 ppm in the Earth’s 
upper crust (Walther, 2014). Lead can be found in all parts of our environment 
including air, soil, and water, and is widely dispersed in igneous and sedimentary 
rocks such as shales and carbonates. It became the dominant base metal in the 
early 1900s and because of the combination of lead’s desirable properties—dense, 
soft, easily worked, and corrosion resistant—it was used in weights, solders, ce-
ramic glazes, paints, and lead crystal glassware (Walther, 2014). 
Although lead occurs naturally in the environment, most significant lead 
concentrations of concern are the result of human activity. Human exposure can 
be the result of contact with leaded gasoline, industrial facilities, and lead-based 
paint (EPA, 2019c). One if its major uses is in the glass of computer and televi-
sion screens, where it shields the viewer from radiation; other uses are in sheet-
ing, cables, ammunitions, bearings, and as weight in sport equipment. In the 
United States, approximately 87% of lead has been used for the production of 
lead-acid batteries for automobiles (Walther, 2014). When lead is released to the 
air from industrial sources or spark-ignition engine aircraft, it may travel long 
distances before settling to the ground, where it usually binds to soil particles. 
Lead may move from soil into ground water depending on the type of lead 
compound and the characteristics of the soil (EPA, 2015). All lead concentra-
tions were below the actionable standards for both water (15 ppb) and sediment 
(200 ppb) samples (EPA, 2020a).  
5.4. Zinc 
Zinc is the most common base metal that occurs naturally in metallic ore depo-
sits, air, water, and soil, with an average abundance in the Earth’s upper conti-
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nental crust between 52 and 70 ppm (Walther, 2014). Zinc concentrations are 
rising due to anthropogenic activities; most zinc is added during industrial activ-
ities such as mining, coal and waste combustion, and steel processing. Some soils 
are heavily contaminated with zinc, and are found in areas where zinc has been 
mined or refined, or where sewage sludge from industrial areas has been used as 
fertilizer (EPA, 2015).  
With regard to both water and sediment samples in the Caddo Lake watershed, 
zinc was enriched in comparison to copper and lead. Zinc concentrations may 
be associated with anthropogenic sources; Zn is used to galvanize steel to pre-
vent rust, an alloy in metal machine parts, alloyed with copper to make brass, 
roofing materials, paint pigments, and personal use items. Industry use of Zn in 
manufacturing, paint, and other industries may be providing a point source for 
atmospheric deposition of Zn (Müller et al., 2019), particularly in Black Cypress 
and Big Cypress bayous. Industrial facilities near the city of Jefferson and trans-
portation facilities may be contributing to elevated zinc concentrations, although 
at present, there are no EPA or TCEQ actionable standards for zinc concentra-
tions in water or sediments.  
6. Conclusion 
This multi-year study was conducted to provide baseline geochemical data for 
Black Cypress, Big Cypress, and Little Cypress bayous to determine their con-
tribution to the metal concentrations in the Caddo Lake watershed and western 
Caddo Lake. During this study period, the use of lignite coal was waning in East 
Texas. Because of the shift in price and continued efforts to meet emission stan-
dards, many electrical power stations had switched from coal to natural gas as 
their primary energy source. A reduction in the use of lignite would have re-
duced emissions in the immediate area, although global sources would still have 
an impact on the accumulation of metals in the Caddo Lake.  
The nature of the sediment particles may have also played a role in the lower 
metal concentrations; metals are more readily sequestered by clay-sized particles, 
and the sand-dominant sediment samples may not retain significant concentra-
tions of the metals of interest. Caddo Lake continues to be impaired for mercury 
in edible tissue and low dissolved oxygen, but these data show that Big Cypress, 
Black Cypress, and Little Cypress bayous are not significantly contributing to the 
impairment of the water body. More likely, atmospheric deposition from local 
and global sources has contributed to the mercury concentrations reported in 
the sediments in the Caddo Lake watershed. 
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